The critical gas velocity for complete suspension of solid particles is affected by liquid flow near the gas distributor.
The liquid flow is governed by the shape of the bottom of the column and the position of the gas distributor.
On the other hand, gas bubbles rising through the column develop easily to large bubbles by the existence of a small amount of suspended solid particles, and therefore the gas holdup and the concentration distribution of the particles do not depend on the gas distributor and the shape of the bottom of the column. The dispersion coefficient of solid particles has the same value with that of liquid within the column without solid particles. The settling velocity of solid particles in the bubble column was correlated with the terminal velocity of those particles in stagnant liquid.
I. Preface
Bubble columns containing suspended solid particles are often used as chemical reactors. The solid particles may be reactants, products or catalysts used for chemical reactions.
In order to design these bubble columns, the behaviors of the suspended solid particles, for example the values of critical gas velocity to obtain complete suspension of solid particles and the concentration distribution of the solid particles within the column, must be known.
However, only a few studies have been done on these problems.
Kato3) correlated his experimental results on the critical gas velocity for complete solid suspension.
On this same problem Roy, Guha and Rao4) studied more in detail. The effects of gas distributor, solid particle size, liquid-phase surface tension and solid-liquid wettability on the critical solid holdup, which is the maximumquantity of suspended solid particles in liquid within the column, were quantitatively correlated.
In order to predict the concentration distribution of suspended solid particles in liquid within the bubble column, Cova2) assumed that the dispersion coefficient of solid particles was the same as that of liquid, which was obtained in the column without solid particles at the same superficial gas velocity. He also assumed that the settling velocity of solid particles was equal to the terminal velocity of a single particle in stagnant liquid.
However, he did not give sufficient experimental data to ascertain these assumptions. Recently, Suganuma and Yamanishi6) presented an empirical correlation to predict the concentration distribution of solid particles in the bubble column with continuous circulating flow of liquid, but they did not separately determine the Plexiglass columns of 100 and 200cm in length, having inner diameters of 5, 10 and 20cm were used. Ion exchanged water and its glycerine solutions were used as liquid, and air was used as gas. The solid particles used are summarized in Table 1 . The concentration of the solid particles in liquid was varied up to 0.7g/cc.
As mentioned later, in order to obtain the value of the superficial dispersion coefficient and the settling velocity of solid particles separately, two kinds of experimental operations of batch-wise and continuous-wise, for liquid flow through the column were used. The batch operation means a case where liquid does not flow through the column. On the other hand the continuous operation means a case where liquid containing suspended solid particles flows continuously through the column. The schematic diagram of the latter continuous operation is shown in Fig. 1 . A pachuca tank (a bubble column with a draft tube) was used to obtain complete suspension of solid particles in liquid which was circulated through the bubble column by a centrifugal pump. In both the operations the temperature of liquid was kept constant at 20°C. Air was dispersed into the column through the gas distributor.
The total pressure drop within the column was measured The pressure drop was also measured with the pressure taps placed at various local positions along the axial direction of the column, to obtain the local values of gas holdup.
In order to determine the concentration of solid particles in liquid, the sample of liquid containing solid particles was withdrawn through the sampling tap of the column. After weighing the sample withdrawn, solid particles were separated from liquid on the glass filter, dried and weighed to determine the concentration of solid particles in liquid. It was as-154 certained that the solid content of the sampling liquid withdrawn might be the same as that of the liquid within the column at the sampling position, since the total solid content, which was calculated from the integration of the measured concentration through the column, agreed well with that initially fed into the column.
Critical ©as Velocity for Complete Solid Suspension
At a low gas velocity through the column a part of solid particles are suspended in liquid, and the remained are kept to stay on the gas distributor which is placed at the bottom of the column. With increasing gas velocity, the proportion of the suspended solid particles increases, and at last all the particles are suspended in liquid. The superficial gas velocity at which all the solid particles are suspended is called] here as the critical gas velocity, uc.
To find out the value of uc the pressure drop measurement can be usually applied as it is used for the gas-solid or liquid-solid fluidized bed. Relation between superficial gas velocity and pressure drop shows a hysterisis curve as increasing and then decreasing the gas velocity. When the gas velocity is decreased gradually, more reproducible results are obtained. Therefore, the measurement in the present work was carried out in this way. Someof experimental results obtained in the batch operation bubble column are illustrated in Fig. 2 kinds of perforated plates with 1, 3 and 13 holes of 0.1 cm0 were tested in the column of 5cm in diameter. The mechanism to give the critical gas velocity in this gas-liquid-solid system is different from the minimum fluidization velocity in the gas-solid or liquid-solid fluidized bed. In the gas-liquid-solid system the gas bubbles bypass through the packed bed of solid particles within liquid, and the turbulence caused by the bypassing of gas bubbles may mainly affect the value of ue.
It should be noted here that the critical gas velocity obtained in the above and in the previous works3>4) was taken in the column with the flat gas distributor of the same diameter as that of the column at the bottom and during batch operation.
However, it was observed that the value of the critical gas velocity strongly depended on the shape of the bottom. Asan example, a relation between the pressure drop and the gas velocity which were obtained by the 2Ocm0column with lower part of conical shape and equipped with a gas distributor of 5cm^at its bottom, was compared with those by the 5cm0 column with a flat bottom. This result is shown in Fig. 3 . The same uc was obtained at the same superficial gas velocity based on unit cross sectional area of the gas distributor, Ug t irrespective of the difference of the column diameter. Therefore, the complete solid suspension can be achieved with smaller gas flow rate for the column with a conical In the continuous operation of the column the position of the liquid inlet becomes also important.
In addition it is remarked that, as to be seen in the later, once the solid particles are suspended in liquid, the state of the suspension in bulk of the column is not influenced by the conditions of the bottom.
Gas Holdup
Fromthe pressure drop measured at different position of the column, local values of the gas holdup, <p, were determined after correcting for solid content in liquid. The change of <p in axial direction is small as shown in Fig.4 , except at the position near the bottom of the column. The effect of the type of the gas distributor on the average gas holdup within the column, <P, was also not appreciable.
These results show that in the solid suspended bubble column chance of coalescence of bubbles is much larger than that in the ordinary bubble column without solid suspension, and then sufficiently grownup large bubbles pass through almost whole length of the column. Only a small amount of solid particles in liquid seemsto increase the chance of coalescence of bubbles, because the effect of the concentration of solid particles on the value of <P was not remarkably appreciated. The experimental results were expressed as a relation between the slip velocity, which was calculated from Eq. (l), and the gas holdup, as shown in Fig. 5 Batch operation In the batch operation from mass balance of solid particles the following equation is derived at any section of the column. vfc + Ep-^-= 0
(2) Where EP and v/ axe the dispersion coefficient and the settling velocity of solid particles respectively. Eq.
(2) can be rearranged to dine __ vf z^N dl EP Therefore, if one plots the relation between lnc vs. I as shown in Fig. 6 , the value of vf/EP can be obtained from slope of the curve at any local position. It was observed that the values obtained for vf/EP slightly depend on the concentration of solid particles, c. It may be reasonable to consider that this is the interference effect of the solid particles settling down in the liquid. So that, v//EP was multiplied by the voidage function, F(e) of the following form due to Shirai5). F(e) = exp(-4.65e) (4)
Here, £=1-(volume fraction of solid particles in liquid).
Thus it was found that the values of vfF(e)/Ep were constant over the wide range of c, as shown in Fig. 7 .
The values of v/F(g)/Ep
were also almost constant irrespective of change of ug as shown in Fig. 8 . The effects of the shape of the bottom, the kind of the gas distributor and the column height were examined, but these effects were not significant. On the Other hand the effect of the column diameter was apparent, i. e. the values of v/F(e) IEP were proportional to Dt~1 5 as shown in Fig. 9 . The properties of solid particles within liquid may be characterized by the terminal velocity of a freely falling particle without any interference with other particles, vft.
The observed values of vfF(e)/EP were proportional to Fig. 10 , where the valueof v/t was determined experimentally.
Continuous operation In the batch operation described above, the value of the dispersion coefficient of the solid particles, Ep, and the settling velocity, vf, can not be separately obtained.
It should be emphasized that by combining the experimental results obtained in the batch operation and in the continuous operation EP and vf can be separately obtained in the following manner.
Mass balance of solid particles at any cross section of the continuous operation column at steady state gives ui , N _, dc^,_s (c-cf) -Ev~rr-vfc=0 (5) (1-tp)* "" **dl hence, p dc , Be 1à"_, N where p=VfF(e)/Ep. Though in the continuous operation there exists liquid flow within the column, it is assumed that the effects of the liquid flow on the values of EP and /3 can be neglected, and therefore the values of /3 in Eq. (6) can be predicted from the results obtained in the batch operation. Thus the values of EP were obtained. These are shown in Fig. ll . It was foundthat the values of Ev coincide well with the dispersion coefficient of liquid in the bubble column without suspended solid particles, Ei, which were obtained by the authors1) at the same superficial gas flow rate in the region of ws>25cm/ sec. This confirms the validity of EP-Ei assumed by Cova2). The authors' other study15 shows that Ei is proportional to Dt~1 5. Therefore, EP may also be proportional to Dt 1'5. Thus the proportional relation between v/F(e)/Ep and JD*"1'5 which was obtained in the batch operation can be interpreted, by assuming that v/F(/) is not affected by Dt.
As the values of Ep and /3 were known, the axial distribution of c can be predicted by integrating Eq. (5) with the boundary value of c at l=L. It should be noticed that this value of c must be the feed concentration, Cft at steady state of the continuous operation. The calculated distribution agreed well with the measured values as illustrated in Fig". 12. is not valid.
Conclusion
The behavior of suspended solid particles in the bubble column were experimentally studied, and the following informations were obtained.
( 1 ) The critical gas velocity for complete suspension of particles are mainly affected by liquid flow near the gas distributor, and therefore to obtain a small critical gas velocity the shape of the bottom of the column and the position of the gas distributor may become important.
(2)
Gas bubbles rising through the column easily develop to large bubbles with a small quantity of suspended solid particles, and therefore the gas holdup and the concentration distribution of solid particles do not depend on the type of the gas distributor and on the shape of the bottom of the column, when solid particles are suspended completely.
(3) The dispersion coefficient of suspended solid particles is the same as that of liquid within the column without solid particles.
The settling velocity of solid particles is correlated as a function of the terminal velocity of the solid particle and the voidage function. 5, 20 (1966) 3) Kato, Y. : Kagaku Kogaku (Chem. Eng., Japan), 27, 7 (1963) 4) Roy, N. K., D. K. Guha, and M. N. Rao: Chem. Eng. Sci., 19, 215 (1964 In concurrent bubble columns the longitudinal mass and thermal dispersion coefficients were determined.
The both coefficients agreed well with each other. This shows that the mechanism of the thermal dispersion in the bubble column is also governed by liquid mixing. The dispersion coefficient £;, is correlated with experimental conditions in three regions, which are classified by the value of slip velocity of gas bubbles, us. At us>25cm/sec, Ei obtained in columns of the same diameter is related apparently only on the superficial gas velocity in the column, but it is independent on the liquid property and the size of gas bubbles. Ei is also proportional to oneand a half powers of the column diameter. At ui<2Ocm/sec/ Ei is represented by a plot of Pe vs. ReP/ where the average bubble diameter is taken as the characteristic length. At 2O>us>25cm/sec, no correlation for Ei was obtained.
I. Preface
As the gas-liquid contacting reactor the bubble column * Received on December ll, 1967 158 has surpassing properties, for example, high liquid holdup, simple construction, and no need of mechanical agitation.
However, quantitative information on the design of the bubble column is lacking. Following to the previous works4>5l6>7), the results ob-
